cAMP is one of the most important second messengers in biological processes. Cellular dynamics of cAMP have been investigated using a series of fluorescent indicators; however, their sensitivity was suboptimal for detecting cAMP dynamics at a low concentration range, due to a low ligand affinity and/or poor dynamic range. Seeking an indicator with improved detection sensitivity, we performed insertion screening of circularly permuted mApple, a red fluorescent protein, into the cAMP-binding motif of PKA regulatory subunit Iα and developed an improved cAMP indicator named R-FlincA (Red Fluorescent indicator for cAMP). Its increased affinity (K d = 0.3 μM) and expanded dynamic range (860% at pH 7.2) allowed the detection of subtle changes in the cellular cAMP dynamics at sub-μM concentrations, which could not be easily observed with existing indicators. Increased detection sensitivity also strengthened the advantages of using R-FlincA as a red fluorescent indicator, as it permits a series of applications, including multi-channel/function imaging of multiple second messengers and combinatorial imaging with photo-manipulation. These results strongly suggest that R-FlincA is a promising tool that accelerates cAMP research by revealing unobserved cAMP dynamics at a low concentration range.
3′,5′-cyclic adenosine monophosphate (cAMP) is one of the major signalling mediators that regulates a variety of cellular functions, including synaptic plasticity of neurons 1 , T cell immune response 2 , insulin secretion from pancreatic β-cells 3 , and excitation-contraction coupling in cardiac myocytes 4 . As in the case of Ca 2+ imaging [5] [6] [7] [8] [9] [10] [11] [12] , spatio-temporal dynamics of cellular cAMP have been investigated with the help of a variety of fluorescent cAMP indicators 13, 14 . FlCRhR 15 , the first developed Förster resonance energy transfer (FRET)-based indicator, can monitor cAMP dynamics through intermolecular dissociation of fluorescently-labelled Protein kinase A (PKA) subunits. Limitations in the cell loading of this semi-synthetic dye have been overcome by genetically encoded FRET-based indicators (Supplementary Tables S1 and S2 13 ) that incorporate cAMP-binding proteins, such as PKA [16] [17] [18] [19] and Exchange Protein directly Activated by cAMP 20, 21 (EPAC). Although ratiometric and life-time observations of FRET-based indicators allowed for robust quantification of cAMP dynamics, the changes in their signal intensity were not prominent [16] [17] [18] [19] [20] [21] . Changes in signal intensities of these indicators have been partly increased through optimization of FRET parameters (e.g. donor-acceptor configuration [22] [23] [24] [25] ). Alternatively, the single fluorescent protein (1-FP)-based indicators showing the large intensity changes have been developed. Flamindo2 26 (FL2), a yellow fluorescent indicator consisting of Citrine (YFP variant) inserted with EPAC, was reported to display an increased dynamic range (D.R., ~300%) that facilitated the detection of an artificially induced cAMP response by a strong stimuli, such as Forskolin (FSK). Pink Flamindo 27 (Pink-FL), a red colour variant of FL2 consisting of mApple, allowed advanced applications including in vivo imaging and optogenetic manipulations. However, it was difficult to observe physiological cAMP dynamics coupled with spontaneous cellular activities in in vitro and in vivo. As the concentration range of spontaneous cAMP dynamics are expected to be low 25, 28, 29 (a few tens of nM to a few μM), sensitive indicators with both a high affinity and large D.R. would be valuable than low-affinity indicators (K d s of 3.2 μM and 7.2 μM for FL2 26 and Pink-FL 27 , respectively). The affinity of 1-FP based indicator for cAMP can be increased by utilizing a high-affinity cAMP-binding motif of PKA regulatory subunits 13, 30 , rather than utilizing a low-affinity EPAC sequence 13, 26, 27, 31 . To increase the D.R., hopefully with brightness being another important parameter determining the performance of 1-FP indicators, testing the different molecular design from FL2 and Pink-FL (i.e., insertion of the sensor motif into a FP reporter) might be effective, since an alternative design that worked for high-performance Ca 2+ indicators like GCaMPs 9, 10, 12 /pericams 7 /GECOs 11 (i.e., the insertion of an FP reporter into the sensor motif), has not been examined for a cAMP indicator thus far.
To develop an improved cAMP indicator, we tested the previously unexamined design of a 1-FP cAMP indicator, in which cp146mApple, circular permuted red fluorescent protein 11, 32 , was inserted into the high-affinity cAMP-binding motif of PKA regulatory subunit 30 . With a minimal screening effort, we successfully developed an improved cAMP indicator, termed R-FlincA. Its increased affinity (K d = 0.3 μM) and expanded D.R. (860% at pH 7.2) allowed for high-sensitivity detection of faint cAMP dynamics associated with spontaneous cellular signalling, which could not be easily achieved by other 1-FP cAMP indicators. Increased detection sensitivity also strengthened the advantages of R-FlincA as a red fluorescent indicator, as it provided new insights regarding the cAMP dynamics in the insulin secretion of pancreatic β-cells and in the development of Dictyostelium discoideum cells by multi-channel/function imaging with spectrally distinct (blue to yellow) indicators. These results suggest that R-FlincA is a promising tool for the acceleration of cAMP research.
Results
Generation of an improved red indicator for cAMP. To develop an improved 1-FP cAMP indicator with a high affinity and expanded D.R., we employed a previously unexamined strategy, i.e., the insertion screening of cp146mApple (derived from R-GECO1.2 32 ) into a high-affinity cAMP-binding motif from the human PKA regulatory subunit Iα (RIα). In total, 13 different positions in the long and short forms of the cAMP-binding motifs of RIα (a.a.93-381 or a.a.93-246) were tested in the cell-based assay to measure the signal change in response to FSK stimulation. As a result, RIα A + B 218, in which cp146mApple was inserted in one of the core cAMP-binding motifs (cNB-A), displayed the largest increase in fluorescence intensity (ΔF/F 0 , 600%, Fig. 1b and Supplementary Fig. S1 ), which was 2.4-times larger than that of Pink-FL 27 (ΔF/F 0 , 250%, Fig. 1b) , and was designated as R-FlincA (Red Fluorescent indicator for cAMP). In general, the brightness of the 1-FP indicator is an important determinant of its performance, and high D.R. is not necessarily useful if brightness is diminishingly low within the cell. To assess this possibility, we expressed the indicator together with a reference fluorescence marker (ECFP) using a bi-cistronic expression system. In the resting state, the fluorescence intensity of R-FlincA normalised with that of ECFP was comparable to that of Pink-FL, and the both were significantly higher than that of the mock control (>10-fold, Fig. 1c) . When stimulated by FSK, cells expressing R-FlincA showed 3.5-fold higher fluorescence intensity level than Pink-FL, indicating that R-FlincA reports FSK-induced cAMP dynamics with a higher brightness than Pink-FL (Fig. 1c) . R-FlincA mutated with cNB-motifs (R211E and R335E in RIα numbering 33 ) exhibited no change in the fluorescence intensity upon FSK-stimulation (Fig. 1b) , suggesting that the observed signal change would be dependent on cAMP-binding.
Increased affinity and expanded dynamic range of R-FlincA. In vitro properties of R-FlincA were characterized using the purified recombinant protein. R-FlincA showed bimodal peaks in both excitation (571 nm and 561 nm) and emission wavelengths (590 and 585 nm) in the absence or presence of cAMP, respectively (Fig. 1d) . The D.R. of R-FlincA was 860% at pH 7.2 ( Fig. 1d) , which is the highest among existing cAMP indicators (Supplementary Tables S1 and S2   13 ). The apparent K d for cAMP was 0.3 μM (pH 7.2, Fig. 1e Fig. 1e ) suggested low cooperativity between the two cAMP-binding sites. Indeed, a single mutation in the cNB-A domain (R211E in RIα numbering) completely abolished the fluorescence increase in response to cAMP, while a single mutation in the cNB-B domain (R335E in RIα numbering) had negligible effects on the D.R., affinity, and cooperativity values ( Supplementary Fig. S2 ), indicating that cAMP-binding to the cNB-A domain, but not to the cNB-B domain, is exclusively concerned with fluorescence modulation of R-FlincA. The apparent K d for cGMP was 6.6 μM at pH 7.2, indicating that R-FlincA has a higher selectivity for cAMP rather than cGMP, compared to other indicators (K d ratio of cGMP/cAMP is >20 for R-FlincA, 8 for mlCNBD-FRET, 12 for Epac2-camps, 7 for FL2, and 13 for Pink-FL, Supplementary Fig. S3a ). However, the sub-μM of cAMP dynamics in cells should be observed carefully if coupled with cGMP dynamics at a high concentration range, since ~7 μM of cGMP, in principle, occupies half of R-FlincA with reduced brightness (60%) compared to the cAMP-bounded form ( Supplementary Fig. S3a ). The observed pKa values of 7.0 (ligand-bound state) and 8.6 (ligand-free state, Supplementary Fig. S3b ) are similar to those of other mApple-based indicators 11, 27, 32, 34 . Thus, increased D.R. of R-FlincA has been harnessed within a weakly acidic to neutral pH range (pH 5.5-7.5 for >½ of the maximum D.R.) and the possible pH-dependent signal change should be carefully checked by the parallel control experiments.
Increased detection sensitivity of R-FlincA. To demonstrate the increased affinity of R-FlincA, we performed comparative cAMP imaging using Flamindo2, an OFF-type yellow fluorescent cAMP indicator, having one order of magnitude lower K d value 26 Fig. 1e ) than that of R-FlincA. Here, we utilized D. discoideum cells, which display the intra-cellular cAMP pulse when stimulated by extra-cellular cAMP 35, 36 . To observe the intra-cellular cAMP response that displays a dose-dependency on extra-cellular cAMP 35 , we set up triple-channel experiments on a confocal microscope system, wherein FL2 and R-FlincA were imaged using green and red channels, respectively, and the violet channel was used for flash-photolysis of the caged cAMP compound 37 (Bhc-cAMP) in the extra-cellular space (Fig. 2a) . In this experimental setting, extra-cellular cAMP concentration increases proportionally to the power of the uncaging laser, while the resulting cellular cAMP responses are expected to increase in a non-linear manner 35 , since the latter is combinatorially regulated by the sensitivity and gain of the signalling network regulating cAMP synthesis, in addition to input strength. When we observed the cellular cAMP responses at the high-power uncaging, reciprocal changes in the fluorescence intensity were detected by both R-FlincA and FL2, the former has 4-fold larger signal change (Fig. 2b) . At the low-power uncaging, the fluorescence signal change was solely detected by R-FlincA, but not by FL2 (Fig. 2b) . Simultaneously with the increase in the power of the uncaging laser, the response amplitude of R-FlincA increased significantly, compared to that of FL2 (Fig. 2c) , indicating the superiority of R-FlincA to EPAC-based 1-FP indicators in detecting changes in cellular cAMP levels ([cAMP] in ) induced by the extra-cellular cAMP. The unique detection capability of R-FlincA was further demonstrated by detecting faint pulses of [cAMP] in associated with spontaneous signalling activities not but the artificially induced responses, which is characteristic of the onset dynamics in spontaneous cAMP signalling at early developmental stage (pulses with magenta circles, Fig. 2d ).
Triple-function imaging of cAMP, Ca 2+ , and ATP. We further explored the advantages of R-FlincA as a red indicator, as its spectral separation from existing FRET-and 1-FP-based indicators (blue to yellow hue) should allow multi-channel imaging of different signalling events. We, thus, simultaneously observed the dynamics of cellular cAMP, Ca
2+
, and adenosine 5′-triphosphate (ATP), all of which are involved in the glucose-induced insulin secretion of the pancreatic β-cell line MIN6 [38] [39] [40] (Fig. 3a) . Using the lentiviral vector, we expressed R-FlincA in MIN6 cells, together with B-GECO1 11 and ATeam1.03 41 , a BFP-based Ca 2+ and a FRET-based ATP indicator, respectively (Fig. 3a) (Fig. 3c) . For example, only 30% of the cells were positive for cAMP/Ca 2+ /ATP (Fig. 3c, left) , and 2% cells did not show any of the responses. Some were positive for a single response, cAMP (10%), Ca 2+ (2%), or ATP (10%), while others were positive for two of the three cAMP/Ca 2+ /ATP responses (Fig. 3c , middle/right and Fig. 3d ). As MIN6 cells are known to display cell-to-cell heterogeneity in insulin secretion 40, 42 , distinct recruitment of these signalling pathways might underlie heterogeneous insulin secretion, which would be suitably addressed by quadruple-function imaging, including exocytotic activity in future analyses.
Simultaneous imaging of cellular and environmental cAMP. The utility of R-FlincA was finally demonstrated by simultaneous imaging of cellular and environmental signalling. The signalling dynamics in the microenvironment of cellular population are emerging research targets 43, 44 , for which a deeper understanding of the signalling interplay between the cell and its environment is crucial. The population of D. discoideum cells is a suitable model for cellular and environmental imaging, as these cells self-organize an inter-cellular signalling wave with a sub-mm wavelength, which is achieved by cellular synthesis and extra-cellular relay of cAMP 36, 45 . As shown in Fig. 2 , these cells synthesize cAMP intra-cellularly upon stimulation by extra-cellular cAMP. Concomitantly, well-developed cells release cAMP into the extra-cellular space. Eventually, the spatially extended chain reaction becomes an outward propagating wave at the cell population level. To simultaneously observe extra-cellular and intra-cellular cAMP dynamics, we utilized PKA RIα #7, an ultra-sensitive FRET-based indicator 23 (K d = 37 nM, CFP-YFP FRET) and R-FlincA, respectively (Fig. 4a) . Purified PKA RIα #7 was added to the culture medium containing a population of chemotacting D. discoideum cells, expressing R-FlincA and iRFP 46 . The latter was utilized as a volume marker correcting the motion artefact noise (Fig. 4a) . As previously reported 23 , 6-7 min intervals of [cAMP] ex oscillation were clearly observed with an increase in the FRET ratio of PKA RIα #7 (Fig. 4b top panels, 4c, and Supplementary Video S1). The [cAMP] in in the cell population oscillated with a similar spatio-temporal pattern with [cAMP] ex (Fig. 4b bottom panels, 4c , and Supplementary Video S1). The spatio-temporal mapping of the pulse timing at single-cell resolution showed that the propagating cAMP wave from left-bottom to right-upper corner (dashed inset in Fig. 4b ) was achieved by the cAMP relay between the cells (Fig. 4d, top-right) . In addition to such a stably propagating wave dominating this fully developed culture, we occasionally observed a de novo wave centre (solid inset in Fig. 4b ). When this wave initiation region was investigated, the cAMP wave was triggered by a synchronized pulse of 13 cells, localized within 100 × 100 μm 2 (red circles in Fig. 4d bottom-right) , suggesting that the de novo cAMP wave initiation would be a collective dynamics of a cluster of cells, not a triggered behaviour by a single cell in the fully developed D. discoideum population, as reported previously 35 .
Discussion
In this study, we reported the successful development of R-FlincA whose high-affinity (K d = 0.3 μM) and large D.R. (860% at pH 7.2) collectively improves the detection sensitivity of cellular cAMP dynamics. The in-cell brightness of R-FlincA, being 3.5-fold higher than that of Pink-FL, is another advantage in investigating cellular cAMP dynamics in a low concentration range 28, 29 . This should be explained on the basis of the increased affinity of R-FlincA and/or increased molecular brightness. Although we could not determine the absolute brightness of R-FlincA molecules in in vitro, the maximum brightness of R-FlincA was ~1/4 the parental RFP (mCherry, Supplementary Fig. S4 ) in a cell-based assay. Pink-FL shows a similar brightness at cAMP-saturated conditions in vitro 27 (~1/5 of mCherry); nonetheless, concentrations of cAMP (K d = 7.2 μM, Pink-FL) significantly beyond that producible by the cells is needed. Thus, the increased in-cell brightness of R-FlincA is primarily attributed to its high affinity, which allows for complete harnessing of its expanded D.R. in detecting cellular cAMP dynamics. The sub-optimal brightness of both R-FlincA and Pink-FL would limit certain applications such as the sub-cellular cAMP imaging. Specifically, the fluorescence imaging at the miniscule regions including the dendritic spine 47 and cilia 28 , suffers from low signals, due to the limited expression of indicators. To improve the S/N ratio, greater increases in the molecular brightness of these indicators is needed by the large-scale molecular evolution, as has been performed for the development of R-GECO 11 . pH-sensitivity and lower quantitativeness are other drawbacks of mApple-based 1-FP indicators; thus, the selection of appropriate cAMP indicators is needed depending on the experimental context; the FRET indicator facilitates reporting of cAMP dynamics with higher brightness, lower pH-sensitivity, and higher quantitativeness. 1-FP indicators including R-FlincA are advantageous in reporting cAMP dynamics with greater changes in signal intensity and in multi-channel applications.
We emphasize that the usability of R-FlincA can be maximized by the combinatorial application with an existing cAMP indicator. The ratiometric imaging of R-FlincA and FL2, an OFF-type yellow indicator 26 further expands the D.R. (Fig. 2d) . Also, their reciprocal signal changes cancel motion artefact noise 48 , which is useful for the imaging of actively locomoting cells, such as leukocytes 49 , and of D. discoideum 35 . It was not demonstrated through an experiment, we believe R-FlincA would facilitate in vivo cAMP imaging. cAMP dynamics, associated with spontaneous cellular activities in vivo not but induced dynamics by artificially applied strong stimuli (e.g., FSK), are a suitable target for R-FlincA. Its increased in-cell brightness would make the true signals more visible under high-background conditions, which suffer from auto-fluorescence and light scattering. The in vivo specific motion artefact noises coupled with a heartbeat and respiration would be eliminated if FL2 was co-imaged with R-FlincA. Together with the proof-of-concept demonstrations for multi-colour and multi-function imaging (Figs 2-4) , including the combinatorial application with photo manipulation (Fig. 2) , R-FlincA will pave the way for a deeper understanding of cAMP dynamics in various fields of life science research, such as neuroscience and developmental biology. -GECO1.2 32 (a.a. 25-268 in R-GECO1.2 numbering, GenBank Accession Number KF186685.1) was inserted at different positions of the cAMP-binding motifs using In-Fusion HD Cloning Kits (TaKaRa). Mutations in indicator variants were introduced via site directed mutagenesis. Pink-FL was constructed as previously described 27 . Lentiviral vectors expressing R-FlincA, B-GECO1 or ATeam1.03-nD/nA were constructed by inserting these cDNAs into BamHI and EcoRI restriction sites of the FUGW vector. A series of packaging plasmids, including FUGW, psPAX2, and pMD2.G were obtained from Addgene. Dual-expression vectors for D. discoideum cells were constructed as follows: The cDNAs of R-FlincA, FL2, and iRFP 46 whose codon usage was optimized for D. discoideum were obtained by a gene synthesis service (Eurofins Genomics), and cloned into an extrachromosomal vector, pDM304 50 . The expression units for FL2 and iRFP were further inserted into the NgoMIV site of pDM304_R-FlincA, yielding pDM304_R-FlincA/FL2 and pDM304_R-FlincA/iRFP. Bi-cistronic vectors expressing R-FlincA or Pink-FL with ECFP were constructed by inserting ECFP cDNA, linked with the sequence encoding the 2A-peptide of porcine teschovirus-1 51 (P2A), into the end of the cAMP indicators using In-Fusion HD Cloning Kits.
Cell culture, transfection, and lentivirus production. 293 T (RIKEN) and MIN6 cells (kindly provided by Dr. Tamaki at Tokushima University) were maintained in DMEM and RPMI-1640 media (Wako), respectively. Both media were supplemented with 10% FBS, 4 mM L-glutamine (Wako), and 1 mM sodium pyruvate (Wako) at 37 °C. To perform the cell-based indicator screening, 293 T cells were transfected with the expression vectors encoding the cAMP indicators using Lipofectamine 2000 (Life Technologies), and cultured at 32 °C 27 . After 18-24 hours, the culture medium was replaced with Hanks' buffered saline for imaging. To facilitate the multi-function imaging in MIN6 cells, a high-efficiency gene delivery by lentivirus was utilized. Viral particles were produced in 293 T cells by transfection of the FUGW lentivector together with helper plasmids, psPAX2 and pMD2.G 52 , harvested 48 hours after transfection, and infected to MIN6 cells and cultured at 37 °C. After 4 days, the culture medium of MIN6 cells was replaced with KRBH buffer (2.8 mM Glucose, 129.4 mM NaCl, 5.2 mM KCL, 2.7 mM CaCl 2 , 1.3 mM KH 2 PO4, 1.3 mM MgSO 4 , 24.8 mM NaHCO 3 , and 10 mM HEPES at pH 7.4) for imaging. The axenic strain of D. discoideum cells (Ax2) was cultured and transformed, as described elsewhere 53, 54 . To allow self-organized chemotaxis, cells starved for 4 hours in the development buffer were plated on a glass-bottomed dish (Iwaki). For iRFP imaging, 25 μM biliverdin (Sigma) was added to the culture medium 2 hours before imaging to induce iRFP fluorescence 46 .
Protein expression and in vitro spectroscopy. As the purification of R-FlincA from E. coli and mammalian cells was not successful, we expressed N-terminal polyhistidine-tagged R-FlincA in D. discoideum cells cultured in HL5 medium at 22 °C. Cells (8 × 10 8 ) were starved in the development buffer (5 mM Na 2 HPO 4 , 5 mM KH 2 PO 4 , 1 mM CaCl 2 , and 2 mM MgCl 2 at pH 6.4) for 12 hours, and then lysed using n-octyl-1-thio-β-D-glucopyranoside. The recombinant indicator was purified using a Ni-NTA column (Wako), followed by buffer exchange to Hepes buffer (pH 7.4) using a Microsep TM advance centrifugal device 30 K MWCO (PALL). For unknown reasons, the amount of purified R-FlincA was not enough for the absorbance measurements, but it was sufficient for the measurement of excitation and emission spectra. Emission spectra (550-700 nm with a 5-nm bandwidth) upon 530 nm excitation (Xenon, 150 W) and the excitation spectra (450-590 nm) with 635 nm emission were measured using a fluorescence spectrophotometer (F-4500, Hitachi). pH titrations were performed by using a series of buffers prepared with pHs ranging from 4 to 11 as described 8 .
Imaging and uncaging. Live cell images were captured using an inverted confocal microscope (Nikon A1R, Nikon), equipped with PlanApo20× (0.45 N.A., Nikon), a 405-nm diode laser (36 mW, Melles Griot) for B-GECO1 and uncaging of Bhc-cAMP, a 458-nm Sapphire laser (75 mW, Coherent) for ECFP, ATeam1.03 and PKA RIα #7, a 488-and 561-nm DPSS laser (20 mW and 25 mW, Melles Griot) for FL2 and R-FlincA and Pink-FL, respectively, and a 640-nm diode laser (40 mW, Coherent) for iRFP. Band-pass emission filters were used as follows: 425-475 nm (B-GECO1), 465-500 nm (ECFP, ATeam1.03, and PKA RIα #7), 500-550 nm (FL2), 525-555 nm (ATeam1.03 and PKA RIα #7), 570-620 nm (R-FlincA and Pink-FL), and 663-738 nm (iRFP). The above-mentioned hardware was controlled using the Nikon NIS-Elements software (Nikon), and the image processing was performed with Fiji software (http://fiji.sc/Fiji). Image acquisitions were performed at room temperature for 293T and D. discoideum cells and at 37 °C for MIN6 cells. For photolytic release (uncaging) of cAMP or environmental cAMP imaging, cell-impermeant Bhc-cAMP 37 or recombinant PKA RIα #7 23 was added to the medium, containing 12 hours-or 4 hours-starved D. discoideum cells (final concentrations of 10 μM or ~100 nM), respectively. Uncaging was performed by a single shot of the 405-nm laser with 0.1-2.5% power for 6.7 μsec. A square area of 2.3 × 2.3 μm 2 , about 100 μm away from the cell, was irradiated.
Data availability. The data used in this study are available on reasonable request.
